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Abstract: The clinical value of colistin, a polymyxin antibiotic, is limited by its nephrotoxicity.
Omeprazole is a commonly prescribed proton pump inhibitor. The current study aimed to evaluate
the effects of the concomitant administration of omeprazole on colistin-induced nephrotoxicity in rats.
Omeprazole significantly ameliorated colistin nephrotoxicity as evidenced by prevention in the rise
in the serum level of creatinine, urea and cystactin C as well as urinary N-acetylglucosamine activity.
This was confirmed by histological studies that indicated a decreased incidence of interstitial nephritis,
degenerative cortical changes and collagen deposition. This was accompanied by the prevention of
oxidative stress as omeprazole significantly inhibited the lipid peroxidation, glutathione depletion
and enzymatic exhaustion of superoxide dismutase as well as catalase. Additionally, omeprazole
inhibited the expression of interleukin-6 and tumor necrosis factor-α. Further, omeprazole inhibited
the colistin-induced rise in Bax and the down-regulation of Bcl2 mRNA expression. An assessment
of the serum levels of colistin revealed that omeprazole had no significant impact. However, it was
observed that omeprazole significantly inhibited the accumulation of colistin in kidney tissues. In
conclusion, omeprazole protects against colistin-induced nephrotoxicity. This can be attributed to, at
least partly, omeprazole’s anti-oxidant, anti-inflammatory and anti-apoptotic activities in addition to
its ability to prevent the toxic accumulation of colistin in kidneys.

Keywords: colistin; nephrotoxicity; rats

1. Introduction

Colistin is a polymyxin antibiotic and a last-resort glycopeptide antibiotic that was ap-
proved for medical use several decades ago. It is available commercially as colistin sulfate
for topical and oral use, and as colistimethate sodium (CMS, colistin sodium methane-
sulfonate) intended for parenteral and inhalation use [1]. CMS is considered a prodrug
that is bioactivated in vivo to colistin [2,3]. However, colistin use was largely discontin-
ued due to the high incidence of nephrotoxicity [1]. In a meta-analysis, the incidence of
nephrotoxicity in patients who received colistin was reported to be around 36.2%. Other
reports indicated that the incidence of colistin nephrotoxicity can be as high as 53.5% [4,5].
Yet, as multidrug-resistant bacterial infections have currently become more prevalent and
are linked with increased mortality, colistin re-emerged as an emergency solution despite
the raised concerns about its serious nephrotoxicity. Nephrotoxicity induced by colistin
is dose-dependent and could develop into permanent kidney damage [6]. It is clinically
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manifested by increased serum levels of creatinine, as well as proteinuria, oliguria, or
cylindruria [7].

Colistin nephrotoxicity is complex as it involves various cellular events, including
oxidative, inflammatory, and apoptotic pathways [6,8]. It is characterized by the increased
permeability of the tubular epithelial cell membrane, thereby resulting in water, anion, and
cation influx causing cell swelling and lysis [6]. It was evidenced that these nephrotoxic
effects are initiated upon the accumulation of colistin inside kidney cortical cells [9,10].
Hence, reducing the reabsorption of colistin by the proximal tubular cells was associated
with a significant decrease in N-acetyl-β-D-glucosaminidase urinary excretion, an indicator
of renal tubular dysfunction [9]. Additionally, a urinary metabolomic characterization
revealed that rats given a single intraperitoneal injection of colistin had almost no signs
of nephrotoxicity [11] Colistin was recently shown to be a substrate for the organic cation
transporter 2 (OCTN2), which is a solute carrier membrane protein engaged in carnitine
active cellular uptake. The stable transfection of HEK293 cells with the open reading frame
of OCTN2 was shown to promote the accumulation of colistin over time compared to
wild-type cells [12].

Omeprazole is a commonly prescribed proton pump inhibitor that decreases the
amount of acid produced in the stomach. It is frequently used to treat symptoms of
gastroesophageal hyperacidity, reflux esophagitis, and gastric and duodenal ulcers [13]. In
a retrospective cohort study, the co-administration of proton pump inhibitors was reported
to protect against cisplatin nephrotoxicity in cancer patients [14]. Interestingly, several
studies indicated that omeprazole inhibits the OCTN2-mediated transport of cisplatin
and metformin (a common substrate of OCTN2), providing evidence that omeprazole
could ameliorate the nephrotoxicity instigated by other drugs by reducing their renal
accumulation [15–18]. Furthermore, omeprazole was found to decrease oxidative stress
and inflammation in various disease models [18–20]. Therefore, the present study aimed to
investigate the effects of the concomitant administration of omeprazole on colistin-induced
nephrotoxicity in rats.

2. Results
2.1. Assessment of Kidney Function

Figure 1A demonstrates that colistin injection resulted in a significant increase in
serum creatinine level, of 332% as compared to the control group. Yet, this increase was
significantly ameliorated by 34% and 46% when omeprazole was administered at 10 mg/kg
and 50 mg/kg, respectively. Figure 1B,C show that treatment with colistin alone led to a
550% and 573% increase in serum urea and cystatin C levels compared to control values.
However, the concurrent administration of omeprazole inhibited the rise in serum urea
and cystatin C levels by 50% and 32% at 50 mg/kg, respectively. The activity of urinary
NAG followed a comparable pattern as demonstrated in Figure 1D. The administration of
omeprazole significantly prevented the rise in urinary NAG activity induced by colistin by
37% and 38% at both tested doses.

2.2. Histopathological Examination

Microscopical examination of H&E-stained kidney sections (upper panel) from control
group 1 revealed the absence of any detectable alterations in the renal cortex or medulla.
Similarly, an apparently normal kidney architecture was detected in the omeprazole alone
(50 mg/kg) group. Kidneys sections obtained from rats challenged with colistin showed
marked histopathological alterations; both the renal cortex and medulla exhibited intense
diffuse mononuclear inflammatory cells infiltration with mild fibrosis and collagen depo-
sition in some instances. The renal tubules suffered degeneration and necrosis with the
presence of numerous cystically dilated tubules. Some of the examined sections showed
bluish areas of calcification. Some renal tubules contained an esinophilic cast. This was
accompanied by fibrosis as indicated by collagen deposition as observed in picrosirius
red-stained sections (lower panel). A moderate improvement was observed in the exam-
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ined kidney sections from animals exposed to colistin and omeprazole (10 mg/kg). The
renal cortex showed focal areas of mononuclear inflammatory cells aggregations. The renal
tubules suffered from mild degenerative changes. Few tubules showed an esinophilic cast
in the renal medulla. The best improvement was achieved in animals given colistin and
omeprazole (50 mg/kg). The renal cortex was apparently normal in most of the examined
sections with mild degeneration in some tubules and minor collagen deposition (Figure 2).

Figure 1. Effect of omeprazole on serum and urinary markers of nephrotoxicity induced by colistin in
rats. (A): Serum creatinine level, (B): Serum urea level, (C): Serum cystatin C level, (D) Urinary NAG
activity. Data are shown as M ± SD (n = 6). Omeprazole = Omep; Colistin = Cst. a: Significantly
different from Control at p < 0.05; b: Significantly different from Omep (50 mg/kg) at p < 0.05;
c: Significantly different from Cst at p < 0.05; d: Significantly different from Cst + Omep (10 mg/kg)
at p < 0.05.
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Figure 2. Effects of omeprazole on colistin-induced kidney injury as visualized using H&E (upper
plates) and Sirius red staining (lower plates). Black arrows indicate diffuse interstitial nephritis, Red
coloration in the Sirius red-stained sections indicates collagen deposition.
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2.3. Assessment of Oxidative Status

The following experiments were carried out to examine the protective effects provided
by omeprazole on oxidative status in colistin-induced nephrotoxicity in rats. Figure 3A
indicates that MDA, a final product of lipid peroxidation, significantly increased due to
colistin challenge by 207% of the control value. However, omeprazole ameliorated this
rise associated with colistin by 30% and 40% at 10 mg/kg and 50 mg/kg, respectively.
Regarding the GSH concentration, the groups that received omeprazole and colistin ex-
pressed significantly elevated GSH concentrations compared to the group that received
colistin alone. GSH concentrations in the 10 mg/kg and 50 mg/kg omeprazole groups
were 24% and 34% higher than the colistin-only group, respectively. Similarly, SOD and
CAT activities in the groups that received omeprazole and colistin were significantly higher
than the activities in the colistin-only group by 70% and 100% at a dose of 50 mg/kg,
respectively.

Figure 3. Effect of omeprazole on oxidative status in colistin-induced nephrotoxicity in rats.
(A): MDA, (B): GSH, (C): SOD, (D) CAT. Data are shown as M ± SD (n = 6). Omeprazole = Omep;
Colistin = Cst. a: Significantly different from Control at p < 0.05; b: Significantly different from Omep
(50 mg/kg) at p < 0.05; c: Significantly different from Cst at p < 0.05; d: Significantly different from
Cst + Omep (10 mg/kg) at p < 0.05.

2.4. Immunohistochemical Assessment of IL-6 and TNF-α Expression in Kidney Tissues

The potential of omeprazole to ameliorate colistin-induced inflammation was assessed
in stressed kidney tissues. The upper panel in Figure 4 shows that the co-administration of
omeprazole significantly inhibited the elevated expression of IL-6 associated with colistin
injection by 16% and 34% at 10 and 50 mg/kg, respectively. Moreover, the expression
of TNF-α was significantly enhanced by colistin as can be seen in the bottom panel of
Figure 4. Yet, omeprazole treatment significantly inhibited this rise by 28% and 51% at 10
and 50 mg/kg, respectively.

2.5. mRNA Expression of Bax and Bcl-2

The anti-apoptotic potential of omeprazole was inspected by investigating Bax and
Bcl2 mRNA expression in kidney tissues of animals challenged with colistin. As shown in
Figure 5A, the increased mRNA expression of Bax induced by colistin was significantly
inhibited by 18% and 39% with the co-administration of omeprazole at 10 mg/kg and
50 mg/kg, respectively. On the other hand, colistin challenge resulted in a significant
decrease in the mRNA expression of Bcl2 by approximately 26% (Figure 5B). However, this
decrease was significantly prevented by omeprazole treatment in a dose-unrelated manner.



Pharmaceuticals 2022, 15, 782 5 of 11

Figure 4. Effect of omeprazole on the expression of IL-6 and TNF-α. Immunohistochemical photomi-
crographs of kidney sections showing the effect of omeprazole on colistin-induced alterations in IL-6
and TNF-α. Data shown in bar charts are the Mean of optical densities ± SD (n = 6). Omeprazole =
Omep; Colistin = Cst. a: Significantly different from Control at p < 0.05; b: Significantly different from
Omep (50 mg/kg) at p < 0.05; c: Significantly different from Cst at p < 0.05; d: Significantly different
from Cst + Omep (10 mg/kg) at p < 0.05.

Figure 5. Effects of omeprazole treatment on colistin-induced alterations in Bax (A) and Bcl2
(B) mRNA expression in kidney tissues. Data shown in bar charts are the Mean of optical den-
sities ± SD (n = 6). Omeprazole = Omep; Colistin = Cst. a, b, c or d: Statistically different from
Control, colistin, colistin + omeprazole (10 mg/kg), or Cst + Omep (10 mg/kg), respectively at
p < 0.05.

2.6. Effect of Omeprazole on Colistin Serum and Kidney Concentration

As shown in Figure 6A, there were no significant differences in the plasma levels
of colistin between rats that were injected with colistin alone or colistin combined with
omeprazole treatment at all time intervals. Interestingly, the renal concentration of colistin
in the omeprazole-treated rats was significantly reduced compared to the colistin alone
group (Figure 6B).
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Figure 6. Plasma (A) and kidney concentration (B) of colistin after an IP injection either alone or
with omeprazole (50 mg/kg). Data are shown as M ± SD (n = 6). * Significantly different from
corresponding Cst value as determined by Student’s t test at p < 0.05.

3. Discussion

Adverse effects including serious nephrotoxicity are common with colistin treat-
ment [1]. These deleterious side effects markedly limit the therapeutic value of colistin [4,5].
However, colistin is being increasingly utilized clinically due to the emergence and rapid
spread of multidrug-resistant Gram-negative bacteria [6]. Hence, the identification of pro-
tective strategies to alleviate colistin-induced nephrotoxicity is essential. Colistin nephro-
toxicity is a complex pathological process involving oxidative stress and inflammation
and was reported to be initiated upon colistin renal accumulation [9,10]. Omeprazole, a
proton pump inhibitor, has been shown to protect against nephrotoxicity in a multifaceted
mechanism that involves the alleviation of oxidative stress, inflammation, and transporter-
mediated drug accumulation in the kidney [15,16,18,20]. Hence, the current work was
designed to evaluate the possible protective effects of omeprazole against colistin-induced
nephrotoxicity in rats.

In this study, the biochemical and histopathological studies indicated that colistin
nephrotoxicity was associated with a reduced glomerular filtration rate and collagen
deposition. This is in line with the reported marker of colistin nephrotoxicity [21,22].
Interestingly, omeprazole alleviated such markers, thereby confirming its protective activity.
Among the involved mechanisms in nephrotoxicity induced by colistin is the induction
of oxidative stress resulting in severe renal injury [8]. The obtained findings in this study
suggest a remarkable antioxidant potential of omeprazole, as indicated by the significant
attenuation of pathological alterations induced by colistin to the markers of oxidative
stress-tested, namely MDA, GSH, SOD, and CAT in kidney tissues. These findings are in
agreement with several reports in the literature highlighting the significant antioxidant
effects of omeprazole in addition to its acid-suppression action [23,24]. The growing body
of evidence highlighting the pathological role of oxidative stress in colistin-induced renal
injury suggests that the protective effects observed in this study involve the antioxidant
properties of omeprazole [25].

Omeprazole treatment also protected against the colistin-induced increase in kidney
inflammatory factors, namely, IL-6 and TNF-α. Inflammation plays a significant role in
kidney injury induced by colistin [26]. These results are consistent with the reported anti-
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inflammatory activity of omeprazole against kidney injury induced by the nephrotoxic
drug cisplatin [27]. Furthermore, the genetic deletion or pharmacological inhibition of pro-
inflammatory mediators was demonstrated to reduce leukocyte infiltration, epithelial necro-
sis and apoptosis, and renal dysfunction associated with colistin administration [28,29].
Indeed, our results also demonstrated that colistin induced apoptotic changes in Bax and
Bcl-2 mRNA expression. However, the concurrent administration of omeprazole signifi-
cantly ameliorated these apoptotic changes associated with colistin exposure. In line with
these results, omeprazole was shown to be protective against the apoptotic changes induced
by cisplatin in the kidney, highlighting its potential as a nephroprotective agent [18].

Renal accumulation of colistin is a significant contributor to its nephrotoxicity [9,10].
Our data show that omeprazole significantly reduced the accumulated content of colistin
in renal tissues, without apparent alterations in its serum levels. As omeprazole is a potent
inhibitor of OCTN2, it can be deduced that the renal accumulation of mediated colistin
was significantly inhibited by the concurrent administration of omeprazole [11,12,16,17].
These findings are also in agreement with a previous report demonstrating the potential
of omeprazole to inhibit the OCTN2-mediated renal accumulation of cisplatin in rats [18].
The possibility of reduced colistin efficacy by the co-administration of omeprazole cannot
be excluded. In addition, cases of urinary tract inflammation such as pyelonephritis may
also lead to the reduced ability of omeprazole to mitigate colistin-induced kidney injury.
Remarkably, reducing renal accumulation of colistin was consistently found to alleviate its
nephrotoxicity [9,30].

4. Materials and Methods
4.1. Chemicals

Colistin, polymyxin B sulfate, and omeprazole (Omep) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All other chemicals were of the highest purity.

4.2. Animals

Male Wistar rats (210–240 g) were obtained from the vivarium of Faculty of Pharmacy.
Animals were kept in an air-conditioned facility (a temperature of 22 ± 2 ◦C and humidity
of 60–70%) under a dark/light cycle of 12 h:12 h with free access to tap water and standard
food pellets. Animal handling procedures and protocol were permitted by the Research
Ethics Committee (REC), Faculty of Pharmacy, KAU, Saudi Arabia (Reference # PH-1443-10).

4.3. Experimental Protocol

Thirty rats were randomly separated into 5 groups (n = 6) as follows: Group 1 (Control
group, C) received daily oral and IP normal saline (dosing volume 5 mL/kg); Group 2
(Omeprazole 50 mg/kg) received oral omeprazole (50 mg/kg/day) and IP injection of
normal saline; Group 3 (Colistin) received daily oral normal saline and IP colistin at a dose
of 1000,000 IU/kg/day; Group 4 (Colistin + Omeprazole 10 mg/kg) received daily oral
omeprazole (10 mg/kg/day) and IP colistin at a dose of 1000,000 IU/kg/day; Group 5
(Colistin + Omeprazole 50 mg/kg) received daily oral omeprazole (50 mg/kg/day) and IP
colistin at a dose of 1000,000 IU/kg/day. All treatments were continued for 10 consecutive
days. Oral omeprazole doses were administered 30 min before IP injections of colistin. The
doses and regimen used were selected based on a pilot experiment and were consistent
with those in the published literature [31–33]. On day 10, each rat was placed in a metabolic
cage for 24h-urine collection. On day 11, urine was collected and rats were anesthetized
using IP ketamine (100 mg/kg) and xylazine (10 mg/kg). Blood samples were obtained
from the retroorbital plexus and centrifuged at 3000 rpm for 10 min at 4 ◦C to obtain sera
that were stored at −80 ◦C for analysis. This was followed by decapitation, abdomens were
opened and kidneys were rapidly dissected and rinsed gently with cold saline. Sections of
the kidney were either fixed in 10% formalin or other parts were frozen in liquid nitrogen
and kept at −80 ◦C directly or kept in an RNase inactivating and stabilizing medium for
24 h followed by storage at −80 ◦C for subsequent biochemical and PCR analyses.
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For the assessment of blood and kidney colistin concentration, 12 additional male rats
were divided into two groups. Animals in the first group were given saline orally 30 min be-
fore colistin (300,000 IU/kg, IP), while animals in the second group were given omeprazole
(50 mg/kg, orally) 30 min before colistin (300,000 IU/kg, IP). Under ketamine/xylazine
anaesthesia, blood samples were collected from the retro-orbital plexus at 15, 30, 60 and
120 min after colistin administration. Then, animals were euthanized via decapitation and
kidneys were rapidly dissected and kept at −80 ◦C for colistin determination.

4.4. Biochemical Assays of Renal Function

Commercial kits were used to assess the serum level of creatinine (Cat. No. E4370-
100, BioVision, Milpitas, CA, USA), urea (Cat. No. ab83362, Abcam, Cambridge, UK)
and cystatin C (Cat. No. CSB-E08385r, CUSABIO, Fannin, TX, USA). Additionally, the
urinary activity of N-acetyl-β-D-glucosaminidase (NAG) was assessed using a commercial
kit (Cat. No. CSB-E07443r, CUSABIO, Fannin, TX, USA). The BCA Protein Assay Kit
(Cat. No. D49328, Sigma-Aldrich, St. Louis, MO, USA) was used to assess the protein
concentration in kidney homogenates.

4.5. Histopathological Examination

Kidneys were kept in 10% neutral buffered formalin for 24 h. This was followed by
paraffinization. Sections of 5 µm were either stained with Hematoxylin and Eosin (H&E)
or Sirius red and then visualized using a light microscope (OPTIKA, B-350, Ponteranica,
Bergamo, Italy). Additional unstained tissue sections collected on positively charged slides
were kept for subsequent immunohistochemical testing.

4.6. Assessment of Oxidative Stress Markers

The homogenization of kidney tissues was performed in X10 volumes of phosphate-
buffered saline (PBS 100 mM, pH 7.4). After centrifugation for 20 min at 10,000× g at
a temperature of 4 ◦C, supernatants were utilized for the assessment of oxidative stress
markers using colorimetric kits for reduced glutathione (GSH), malondialdehyde (MDA),
and enzymatic activity of superoxide dismutase (SOD) and catalase (CAT) according to the
manufacturer instructions (Cat. No. GR2511, MD2529, SD2521 and CA2517, Biodiagnostic,
Giza, Egypt).

4.7. Immunohistochemistry Evaluation of Inflammatory Markers

Sections of renal tissues were deparaffinized and then rehydrated using serial dilutions
of ethanol before boiling for 12 min in citrate buffer (0.1 M, pH 6.0) and incubating for
120 min in tris-buffered saline with 5% bovine serum albumin (BSA). Tissue sections were
then incubated for 12 h at 4 ◦C with the primary antibodies IL-6 and TNFα (Cat. No. ab9324
and ab220210, respectively, Abcam, Cambridge, UK). After tissue washing using TBS, the
Anti-Mouse HRP-DAB Cell and Tissue Staining kit was utilized for primary antibody
detection (Cat. No. CTS002 R&D systems, Minneapolis, MN, USA). Quantification was
carried out using ImageJ 1.52a (NIH, Bethesda, MD, USA).

4.8. Quantitative Polymerase Chain Reaction (qPCR) for Bax and Bcl-2

RNA was isolated from the kidney tissues using TRIzol and then RNA purity was
confirmed based on the A260/A280 ratio. For first-strand cDNA synthesis and the
quantification of mRNA, Omniscript RT kit and SYBR Green Master Mix (Cat. No.
205113 and 180830, Qiagen, MD, USA, respectively) were utilized according to their
provided instructions. For Bax, the following forward and reverse primers were used:
5′CCTGAGCTGACCTTGGAGCA and 5′GGTGGTTGCCCTTTTCTACT, respectively. For
Bcl2 and β-actin forward, the primers were 5′TGATAACCGGGAGATCGTGA and 5′TCCG
TCGCCGGTCCACACCC, respectively, while the reverse primers were 5′AAAGCACATCC
AATAAAAAGC and 5′TCACCAACTGGGACGATATG, respectively [34]. β-Actin was used
for normalization, and data analysis was carried out according to the ∆∆CT method [35].
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4.9. Assessment of Serum and Kidney Colistin Using Liquid Chromatography-Mass Spectrometry

An Agilent 1200 system with a column compartment (Zorbax Eclipse Plus C18 column,
3.5 mm, 4.6× 100 mm), quaternary pump and autosampler was used (Agilent Technologies,
Waldbronn, Germany). The system was equipped with an Agilent 6420 triple quadrupole
mass spectrometer operated by the software MassHunter ver B.03.01. The triple quadrupole
mass spectrometer conditions were optimized. Acetonitrile: 0.1% formic in water (30: 70,
v/v) with a flow rate of 0.4 mL/min was used to elute the colistin sulphate. Polymyxin
B sulphate was used as an internal standard. Samples were pre-treated as previously
prescribed [36].

4.10. Statistical Analysis

Data are represented as mean ± SD. Unless otherwise indicated, data were analyzed
using one-way ANOVA followed by Tukey as a post hoc test using GraphPad Prism ver
8.1 (GraphPad Software, La Jolla, CA, USA). A p < 0.05 was taken as the cut-off value for
significance.

5. Conclusions

Conclusively, the nephroprotective effects of omeprazole observed in this study could
be at least partially attributable to its antioxidant, anti-inflammatory and anti-apoptotic
properties and its aptitude to diminish the accumulation of colistin in kidney tissue.
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